Efforts to construct a genetic linkage map of channel catfish have involved identification of random genomic microsatellite markers, as well as anchored Type I loci (expressed genes) from channel catfish. To identify Type I markers we constructed a directional cDNA library from brain tissue to obtain expressed catfish sequences that could be used for single nucleotide polymorphism (SNP) marker development. These cDNA sequences surprisingly contained a high proportion of microsatellites (about 14%) in noncoding regions of expressed sequence tags (ESTs), many of which were not associated with known sequences. To further identify cDNAs with microsatellites and reduce the number of sequencing reactions needed for marker development, we enriched this library for repeat sequences and sequenced clones from both directions. A total of 1644 clones from seven repeat-enriched captures (CA, GT, CT, GA, MTT, TAG, and TAC) were sequenced from both ends, and 795 nonredundant clones were assembled. Thirty-seven percent of the clones contained microsatellites in the trimmed sequence. After assembly in the TIGR Catfish Gene Index (CfGI), 154 contigs matched known vertebrate genes and 92 contigs contained microsatellites. When BLAST-matched orthologues were available for similarity alignments, 28% of these contigs contained repeats in the 5 0 -UTR, 72% contained repeats in the 3 0 -UTR, and 8% contained repeats at both ends. Using biotinylated repeat oligonucleotides coupled with streptavidin-coated magnetic beads, and rapid, single-pass hybridization, we were able to enrich our plasmid library greater than two-fold for repeat sequences and increase the ability to link these ESTs with known sequences greater than six-fold.
ISOLATION AND ENRICHMENT OF ABUNDANT MICROSATELLITES FROM A CHANNEL CATFISH (ICTALURUS PUNCTATUS
Efforts to construct a genetic linkage map of channel catfish have involved identification of random genomic microsatellite markers, as well as anchored Type I loci (expressed genes) from channel catfish. To identify Type I markers we constructed a directional cDNA library from brain tissue to obtain expressed catfish sequences that could be used for single nucleotide polymorphism (SNP) marker development. These cDNA sequences surprisingly contained a high proportion of microsatellites (about 14%) in noncoding regions of expressed sequence tags (ESTs), many of which were not associated with known sequences. To further identify cDNAs with microsatellites and reduce the number of sequencing reactions needed for marker development, we enriched this library for repeat sequences and sequenced clones from both directions. A total of 1644 clones from seven repeat-enriched captures (CA, GT, CT, GA, MTT, TAG, and TAC) were sequenced from both ends, and 795 nonredundant clones were assembled. Thirty-seven percent of the clones contained microsatellites in the trimmed sequence. After assembly in the TIGR Catfish Gene Index (CfGI), 154 contigs matched known vertebrate genes and 92 contigs contained microsatellites. When BLAST-matched orthologues were available for similarity alignments, 28% of these contigs contained repeats in the 5 0 -UTR, 72% contained repeats in the 3 0 -UTR, and 8% contained repeats at both ends. Using biotinylated repeat oligonucleotides coupled with streptavidin-coated magnetic beads, and rapid, single-pass hybridization, we were able to enrich our plasmid library greater than two-fold for repeat sequences and increase the
INTRODUCTION
Genetic improvement of livestock requires a dedicated breeding program that relies on the determination of traits that are desirable for future generations. Identification and incorporation of these traits into subsequent generations can be difficult and time-consuming based upon phenotype alone. Therefore, marker assisted selection (MAS) of a trait or group of traits is highly desirable and can be achieved through the development of an informative genetic linkage map (1, 2) . Historically, linkage maps have been developed from random microsatellite markers (Type II markers) that are highly polymorphic and rapidly obtained (3) (4) (5) , but have little or no comparative value to unrelated species. Anchored loci (Type I markers) are usually then assigned to the map to identify homologous regions of chromosomes between species and further the information obtained with Type II loci (6) (7) (8) (9) . Ideally, a genetic linkage map would consist of a great number of highly polymorphic, known (Type I) anchored loci (10) . However, microsatellite markers in cDNAs of most species are estimated to range from 0.1 to 1% and are therefore not very plentiful for genetic linkage maps (11) (12) (13) . The degree of polymorphism for Type I and Type II markers varies between species and the reference population from which it is obtained. We constructed a cDNA library from channel catfish brain mRNA and sequenced these clones to identify known genes and find markers that would allow us to place these anchored loci on the catfish genetic linkage map (14) .
MATERIALS AND METHODS

Channel Catfish Brain Primary cDNA Library
Brain tissue was obtained from five juvenile USDA103-strain channel catfish at Stoneville, MS, during the month of November, and RNA was extracted using Trizol reagent (Life Technologies, Carlsbad, CA, USA). A channel catfish brain cDNA library was directionally cloned into NotI-SalI cloning sites of pSport1 following the protocol for the SuperScript Plasmid cDNA Library kit (Life Technologies, Carlsbad, CA, USA). After transformation into DH5a cells and growth on LB-agar, colonies were grown in 0.1 ml LB media and stored as glycerol stocks at À80 C.
DNA Sequencing and Analysis
Frozen colonies were replicated into 0.35 ml 2XYT media in 0.6 ml deep well plates and cultured overnight in a HiGro shaking incubator (GeneMachines, San Carlos, CA). Bacteria were pelleted by centrifugation in an Eppendorf 5810R centrifuge equipped with an A-2-DWP rotor (Brinkmann Instruments, Inc., Westbury, NY) for 30 min at 1900 Â g. Bacterial pellets were resuspended in 75 ml of solution P1 containing 100 mg=ml RNase A (Qiagen, Chatsworth, CA) for 5 min, lysed with 75 ml solution of P2 for 5 min, and neutralized with 105 ml solution of P3. The plate was centrifuged at 1900 Â g for 10 min. Two hundred microliters of supernatant were transferred to a 0.45 mm hydrophobic PVDF filter plate (Whatman Inc., Clifton, NJ) with wide bore tips and mixed with 30 ml Procipitate (Ligochem, Fairfield, NJ), which was preloaded onto the filter plate. After a 5 min room temperature incubation, the supernatant was filter-centrifuged into a 0.6 ml deep well receiver plate 20 min at 1900 Â g. Two hundred microliters of isopropanol was added to the filtered supernatant, mixed vigorously, and centrifuged 30 min at 1900 Â g. Precipitated DNA was washed with 100 ml 70% ethanol, centrifuged 5 min at 1900 Â g, inverted to remove the ethanol, and air-dried. The plasmid DNA was resuspended in 40 ml water, and 400 ng was sequenced using 1=16 dilution (0.5 ml) of BigDye Terminator Cycle Sequencing Ready Reaction Kit or dGTP BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA), halfBD Dye Terminator Sequencing Reagent (Sigma, St. Louis, MO, USA), 5% dimethysulfoxide, and 4pmol of T7 or SP6 primer in a total reaction volume of 5 ml. Reactions were precipitated with 20 ml 70% isopropanol, washed with 75% ethanol, resuspended in 10 ml water, and sequences were determined on an ABI PRISM 3700 DNA Analyzer (Applied Biosystems, Foster City, CA).
Base calling was performed using Phred v0.000925.c (15, 16) . Sequences were processed with Lucy (17) to remove vector and delete sequences with less than 100 Phred20 bases. Before submission to GenBank, mitochondrial and ribosomal RNA transcripts were removed by BlastN (18) screening of the high-quality sequences against a database containing the channel catfish mitochondrial genome and ribosomal sequences. Catfish sequences were downloaded from the TIGR catfish gene index, and microsatellites were identified using Sputnik (www.abajian.net/ sputnik) using six repeats as a cutoff score. The TCs were normalized by grouping of clones with identical gene match and=or grouping of clones with separate 5 0 and 3 0 reads that had different TC designations. The number of microsatellites in expressed sequences of other species was determined by BlastN of the TIGR gene indices (www.tigr.org/tdb/tgi) without a filter, expected threshold of 100, and a word length of 11.
Microsatellite-Enriched Libraries
Microsatellite capture was performed using the GeneTrapper kit (Life Technologies, Carlsbad, CA, USA) and a biotinylated oligonucleotide for hybridization of the total amplified cDNA library. Seven separate enrichments were performed using dCA 9 , dGT 9 , dCT 9 , dGA 9 , dMTT 6 , dTAG 6 , and dTAC 6 oligonucleotides. After capture, repair with T7 primer, and transformation, the clones were sequenced as above using T7 and SP6 primers. Individual colonies of each enriched library were evaluated for presence of the microsatellite repeat by PCR amplification. The reactions used 0.5 ml of a 2 h bacterial culture in 2XYT media, with 5 pmol each of the nonbiotinylated repeat oligonucleotide and the downstream SP6 primer in a total reaction volume of 10 ml. 
RESULTS
Channel Catfish Brain Primary cDNA Library
A cDNA library from channel catfish adult brain was constructed in DH5 cells that contained approximately 500,000 individual clones with an average insert size of 1.8 kb (ranging from 0.2 to 4.7 kb). Direct sequencing of 1632 primary clones resulted in 1219 high-quality trimmed sequences of which 16% of these clones were redundant and 6% contained mitochondrial sequences, resulting in 882 unique clones. More than 80% of the clones sequenced had quality sequence of greater than 500 bp and some contained quality sequence to 1 kb, with an overall average read length of 427 bp (Table 1) . Sequencing failures were caused by more than one clone per well, lack of growth, or a sequence compression due to a poly (dG-dC) or microsatellite immediately following the cloning=primer site.
In the primary library, 13% of the 5 0 -end sequences matched to a known sequence in GenBank (Table 1) . Fourteen percent of the catfish sequences contained microsatellites with repeat motifs greater than six dinucleotides, trinucleotides, or tetranucleotides. The most common repeat motif in the microsatellite-containing clones was CA=GT (29%) followed by AAT=ATT (25%). Other repeat motifs identified in the catfish cDNAs were AG=CT, AT=TA, AAC=GTT, ACC=GGT, ACG=CGT, AGG=CCT, ATG=CAT, CAC=GTG, AAAC=GTTT, AAAG=CTTT, CTTT, AAAT=ATTT, and AATC=GATT (Table 2) . Therefore, an enrichment of CA, GT, CT, GA, MTT, TAG, and TAC repeats was chosen to select for cDNAs that contained microsatellites, since 400-600 CA=GT repeat microsatellite sequences were estimated to be present in the library.
Microsatellite-Enriched cDNA Library
After enrichment of the brain library for CA=GT repeats using a biotinylated (CA) 9 or (GT) 9 primer and streptavidin-coated magnetic beads, PCR amplification of transformed clones using the nonbiotinylated (CA) 9 primer and SP6 vector primer resulted in 88% positive amplification products of clones, and amplification products ranged from 0.3 to 3.0 kb. The size of these products supported our original observation that the microsatellite sequences resided in both the 5 0 and 3 0 regions of these cDNAs. A total of 1644 clones from 7 repeat-enriched captures (CA, GT, CT, GA, MTT, TAG, and TAC) were sequenced from both ends using T7 and SP6 primers, and 795 nonredundant clones were assembled with an average read length of 442 bp. The redundancy of the enriched library was 51%. Thirty-seven percent of the unique clones (294) contained microsatellites in the vector trimmed sequence ( Table 1 ). The number of unique clones with microsatellites increased 2.2-fold (126 vs. 294), but the number of unique clones containing microsatellites with a GenBank match increased 6.6-fold (14 vs. 92) with enrichment. The enriched library contained 102 new sequences not found in the primary library; 83 of these contained a microsatellite in the sequenced DNA. After assembly in the TIGR Catfish Gene Index (CfGI), 154 (19%) clones were contained in contigs matching known vertebrate genes or ESTs (Table 3) , of which 92 contained microsatellites. Twentyeight percent of the repeats were identified in the 5 0 -UTR, 72% in the 3 0 -UTR, and 8.8% contained repeats at both ends of the contigs (Table 3 ). This library is listed in the TIGR Catfish Gene Index (CfGI) (http:==www.tigr.org=tdb=tgi=cfgi=) as library #9VO. Sixty-four clones contained more than one repeat motif, typically two different dinucleotide repeats, although tri-and tetranucleotide repeats were also associated with dinucleotide repeats in the same clone and could be captured using different probes. For example, one clone selected with a CT probe 17 motif, a separate (CA) 18 motif, and an (ATTT) 6 motif. Another clone selected with a CA probe (BM495383) contained separate (CAT) 8 and (GT) 12 motifs.
Twelve clones that were PCR-positive for CA microsatellites, but contained a repeat too far within the clone to be detected by sequencing with vector primers, were resequenced using (CA) 9 CBN and (GT) 9 GVN primers. Half of these clones yielded readable sequence from both reactions so genotyping primers could be constructed to amplify across the repeat region. The addition of 5% DMSO to the sequencing reaction and the use of the dGTP sequencing kit facilitated longer and clearer reads through GC-rich repeat regions.
Repeat Polymorphism
Sixty-one percent of the initial primer sets tested (13=33) provided amplification products. The success rate increased to 90% (53=59) for subsequent cDNAs when primer design was weighted toward amplification fragments less than 200 bp. Sample genotyping revealed 86% (20=22) of these markers were polymorphic in catfish linkage map reference families (Table 4) . A minimum number of five repeats was tested and found to be polymorphic. 
DISCUSSION
Microsatellite repeats in EST sequences provide a rich source of potentially highly informative markers that can be placed on comparative maps since these sequences can be linked to known loci. The catfish cDNA sequences are unique in that they appear to contain a large proportion of microsatellite-containing EST's compared to other species (21-23). Liu et al. (22) and Karsi et al. (21) reported finding microsatellites in 7% and 9% of brain and skin ESTs, respectively. This is much higher than that found in mammalian ESTs and even more than twice the rate in zebrafish ESTs (Table 2 ). Many of these catfish ESTs contained repeat regions in mammalian orthologues. Since many of the EST sequences of most species are generated primarily from the 5 0 -end, the catfish orthologues may provide targets for full-length or 3 0 sequencing projects to identify microsatellites in other species as well. Sequencing from the 3 0 end of the catfish clones was worthwhile in providing additional markers that would not have been discovered using 5 0 sequencing alone. Some of the finished sequences did not contain repeats probably because the microsatellites are too deep in the transcript to reach with a single pass, the sequencing failed at repetitive sequences or through very long poly(A) tails, the hybridization probes bound to repeats other than microsatellites, or contamination from abundant clones that were not eliminated from the library. The average insert size of the primary library was 1.8 kb and would not be covered by 600 bp reads from both ends. The addition of more EST sequencing reads could assemble these reads into complete contigs that contain repeats and provide identification of repeat-containing clones that currently do not have significant Blast hits. As reported for human brain (24) it is possible that cDNA libraries constructed from catfish brain mRNA contain clones corresponding to 5 0 -truncated transcripts or clones with very long 3 0 -untranslated regions that would contain microsatellites and not provide a significant Blast hit.
Initial characterization of these clones demonstrated 86% of the cDNAs could be placed on the catfish genetic linkage map (14) . Polymorphism was not entirely dependent on repeat length, since repeats of five dinucleotides were polymorphic while some of six or seven were not. Library enrichment sometimes provided better potential markers because neighboring repeats were longer than the targeted repeat. The presence of introns between the primer locations may have caused some failures for initial PCR testing, but sequencing of longer genomic amplification products, or sequencing of BAC clones, should allow the design of appropriate primers for further marker development. Considering alternative methods for marker development of known loci, this approach is still an efficient means of mapping Type I loci. Genomic sequencing will also allow the discovery of SNPs (25) , which can be used to place these genes on the genetic linkage maps and provide specific amplification products for physical mapping. Because these repeats reside in transcribed regions that are primarily single-copy, potential problems of marker development within repetitive sequences in intergenic regions may be reduced.
Many microsatellite sequences began immediately following the 5 0 cloning site, which leads to speculation as to whether these microsatellite sequences are associated with transcription start sites or are just a cloning artifact from reverse transcription. Microsatellite polymorphisms in the promoter region of the bovine growth hormone receptor gene and tilapia prolactin gene have been associated with differential 114 NONNEMAN AND WALDBIESER expression (26, 27) . However, very little data are available from other species, which contain few microsatellites in expressed cDNAs. Further analysis of these cDNAs could address the potential role of repeat regions in the expression of the protein products of these genes, since repeat sequences in the 5 0 UTR can decrease protein expression without affecting levels of mRNA (28) .
The enrichment reduced by one-sixth the number of clones required to identify the same number of microsatellite markers in known genes and doubled the number of unique clones with microsatellites. Enrichment did increase the redundancy of the sequenced clones three-fold; however, deeper sequencing of the library would probably produce even more microsatellites in unique clones before redundancy would reduce efficiency. Enrichment increased the probability of finding more markers, and sequencing multiple transcripts from both ends provided more contigs and identified more anchored markers than sequencing the primary library alone. Addition of polymorphic Type I markers to the catfish genetic linkage map will provide comparative map information with other vertebrate species and aid identification of genomic regions controlling economically important production traits.
